Bacterial vaginosis (BV) 6 is a common infectious disease of women, often caused by Gardnerella vaginalis (1, 2 ) . However, G. vaginalis has also been identified in healthy women without BV (3, 4 ) . One explanation is that certain strains of G. vaginalis are more pathogenic than others. Genome-based taxonomic methods, which have delineated novel species in other genera, have scarcely been applied to G. vaginalis. Importantly, 1 recent investigation found that average nucleotide identity (ANI) values between different G. vaginalis subgroups were below the species cutoff of 96%, indicating G. vaginalis may be multiple species (5 ) . Recently, using ANI and digital DNA-DNA hybridization assays, it was found that 13 different Gardnerella genomospecies may currently be annotated as G. vaginalis (6 ) . Three of these species were fully elucidated using phenotypic assays and termed Gardnerella piotii, Gardnerella leopoldii, and Gardnerella swidsinkii (7 ) .
Historically, delineation of new bacteria taxa has relied on phenotypic differences between strains, such as chemical analysis or biochemical utilization characteristics, with the laborious DNA-DNA hybridization assay representing the gold standard analysis for species-level determination (7 ) . Using 16S rRNA gene sequencing, a cutoff of 97% is typically used to delineate bacteria, but given that recognized different species can have values Ͼ97% similarity, whole-genome data such as ANI are often also used (7, 8 ) . ANI values Ն96% are used as thresholds for species-level designations (9 ) . In the absence of an isolated organism, putative novel species can be determined by genetic content alone but are termed genomospecies. In addition, recognized species can also be reclassified such as Escherichia hermannii and Salmonella subterranea to Atlantibacter hermannii and Atlantibacter subterranea, respectively (10 ) . Given the previous analysis on Gardnerella, we used multiple in silico taxonomic classification tools to bin publicly available Gardnerella genomes into different genomospecies and then performed comparative analysis between the genomospecies.
To address the knowledge gap regarding the taxonomic diversity and relatedness within genomes currently classified as G. vaginalis, we performed a retrospective comparative analysis using 103 publicly available genomes as well as BV metatranscriptomes (see Tables 1  and 2 in the Data Supplement that accompanies the online version of this article at http://www.clinchem.org/ content/vol65/issue11). Based on the observation that multiple G. vaginalis genomes may be related by ANI values less than the species cutoff of 96%, we hypothesized that multiple distinct genomospecies have been collapsed into a single G. vaginalis species annotation. Further, we hypothesized that these genomospecies could be distinguished by the relatedness of their shared genes and the differential burden of their accessory genes.
Materials and Methods
PUBLICLY AVAILABLE GENOMES AND METATRANSCRIPTOME READS Four genomes annotated as Gardnerella unclassified and 99 genomes annotated as G. vaginalis were retrieved from National Center for Biotechnology Information (NCBI) genomes in October 2018. The assembly file containing chromosome and plasmid components for all genomes was used for analysis. All genomes were reannotated for open reading frames using Prokka (11 ) . Paired-end 2 ϫ 100-bp Illumina reads from a metatranscriptomic investigation of BV (BioProject accession number PRJEB21446) were retrieved from the Sequence Read Archive in October 2018 (12 ) . All Linux commands are included in Table 3 of the online Data Supplement.
IN SILICO TAXONOMIC ANALYSIS
We initially used pyANI (https://github.com/widdowquinn/ pyani) to obtain pairwise ANI values with the mummer nucleotide alignment method on all 103 genomes obtained from the NCBI. Representative genomes for the 14 different genomospecies were uploaded to JSpeciesWS in January 2019 and annotated with default conditions for the ANIb and tetranucleotide frequency analysis (http://jspecies.ribohost.com/jspeciesws/ #home) (13, 14 ) . The same 14 genomes were uploaded to the ANI matrix software from the Kostas laboratory (http://enve-omics.ce.gatech.edu/g-matrix/index). The faa file from Prokka, containing protein sequences for identified open reading frames, was uploaded to the Kostas laboratory average amino acid identity (AAI) matrix software in January 2019 (14 ) . For the purposes of our investigation, to create genomospecies bins for downstream analysis, we adopted a conservative consensus approach. Thereby, if Ն2 of the tools indicated that the genomes represent the same genomospecies, we then counted them as the same genomospecies.
CORE GENOME ANALYSIS
Roary was used to cluster the open reading frames in the Gardnerella cohort to identify the core genome and accessory genome at 70% identity (15 ) . The 200 core genes were aligned using PRANK (16 ) . The core genome alignment was converted into an approximate maximum likelihood tree with FastTree, and lineages were identified using BAPS within FastGear (17) (18) (19) . The Newick file from FastTree was viewed as a midpoint rooted tree in iTOL with bootstrap support values as branch labels (20 ) . To construct the nearest neighbor network, the core genome alignment file was uploaded to SplitsTrees (21 ) .
ACCESSORY GENOME ANALYSIS
The gene presence/absence file constructed by Roary was removed of core genes and analyzed for principal components in RStudio using prcomp (22 ) . The elucidated genomospecies were overlaid onto the genomes. To identify genes responsible for the distinct clustering pattern observed, we used Scoary to identify genes in the Roary pan-genome that are strongly associated with the 9 different genomospecies (23 ) . The presence/absence matrix for genes annotated as sialidases, glycoside hydrolases, ATP-binding import proteins, or allantoin utilization was viewed as a binary matrix in iTOL. Counts for the number of these genes within the different genomospecies were computed and viewed in Prism V8.
CLUSTER OF ORTHOLOGOUS GROUPS AND GENE OF

INTEREST QUANTIFICATION
We uploaded the pan-genome reference file from Roary, which contains a representative gene for the 7402 genes in the pan-genome database, to EggNOG 4.5.1 in November 2018 to identify functional categories for all possible genes (24 ) . Normalized cluster of orthologous group (COG) counts for each genomospecies were determined by dividing the number of genes for each individual COG annotation by the total number of genes that had any COG assigned. To identify all the genes with a putative role in carbohydrate metabolism, we uploaded the pan-genome reference file from Roary to dbCAN, which used HMMER and DIAMOND to compare our query with the CAZy database (25 ) .
TAXONOMIC METATRANSCRIPTOME ANALYSIS
To determine the presence of the Gardnerella genomospecies within the metatranscriptome samples, we used the short-read classification program Centrifuge (26 ) . Initially, we made a custom database by assigning the 5971 total contigs from the downloaded FASTA files within the Gardnerella cohort to a specific genomospecies using our previously described conservative consensus approach. Therefore, our database contained all open reading frames and intergenic regions. Our classification scheme was designed to ignore the other members of the vaginal microbiota, so each read could be assigned as mapping to Ն1 of the Gardnerella genomospecies, mapping uniquely to just 1 genomospecies, or not mapping to any of the genomospecies. For the 20 samples used in our investigation, we then computed the percentage of Gardnerella-specific reads that uniquely mapped to an individual genomospecies by quantifying the number of unique reads per genomospecies divided by the total sum of unique reads that mapped to all genomospecies. The percentage matrix created by this analysis was hierarchically clustered using SciPy and viewed as a clustermap in seaborn. Additionally, the percentage values were viewed as a stacked bar plot in Matplotlib.
METATRANSCRIPTOME FUNCTIONAL ANALYSIS
We built a pan-genome database with pangenome-based phylogenomic analysis (PanPhlAn) using the presence/ absence matrix previously identified by Roary (panphlan_ pangenome_generation.py) (27 ) . We mapped the Gardnerella-specific transcriptome reads and quantified the coverage amount of every gene in the pan-genome for each metatranscriptome sample (http://panphlan_map. py). We used the mean coverage value for each gene across the 20 metatranscriptome samples. The top 224 expressed genes, defined as the mean plus SD of the coverage level, were analyzed to identify any enriched COGs. To determine whether the COGs were enriched within the metatranscriptome data sets, we computed an enrichment index using the below formula 
If the index was Ͼ1, then it indicated that COG was enriched within the top expressed genes. Additionally, we used a quantitative assessment of coverage values to identify genes within the Gardnerella pan-genome that were expressed at a statistically meaningful percentage within the data set. To accomplish this, we viewed each individual gene in the pan-genome by plotting on the x axis the number of isolates that harbor the gene identified by Roary and on the y axis the mean coverage value from PanPhlAn analysis of the 20 metatranscriptome samples.
STATISTICAL ANALYSIS
ANOVA for number of sialidase, glycoside hydrolase, ATP-binding import proteins, allantoin utilization genes, and CAZy database hits in the different genomospecies was performed in GraphPad Prism V8. Paired Student t-tests between select groups displayed in Fig. 3C were performed in GraphPad Prism V8. Permutational multivariate analysis of variance (PERMANOVA) was performed on the gene_presence_absence_matrix from Roary in RStudio using the adonis2 command from the Vegan (https://cran.r-project.org/web/packages/vegan/ vegan.pdf) package.
Results
IN SILICO TOOL-DEPENDENT CLASSIFICATION OF G.
VAGINALIS INTO 8 TO 14 GENOMOSPECIES
We began analysis by using pyANI with the mummer nucleotide alignment method to determine pairwise ANI values between the 103 genomes obtained from NCBI (see Fig. 1 and Table 4 in the online Data Supplement). This analysis indicated that in addition to the 13 genomospecies delineated by Vaneechoutte et al. (6 ) , strain NR010 may represent a 14th genomospecies, as it did not have any ANI values Ն96% to any other genome. From this we found that Gardnerella may contain a maximum of 14 genomospecies. We then used multiple publicly available tools for verification. Therefore, to further assess whether genomes annotated as the species G. vaginalis represent multiple genomospecies, we used 2 additional different ANI platforms-tetranucleotide frequency and AAI tools-to delineate the genomes into genomospecies (9, 14, 29, 30 ) . We chose 13 genomes from the recent delineation of G. vaginalis, including the type genomes for G. vaginalis, G. piotii, G. leopoldii, and G. swidsinkii, as well as NR010 (6 ) ( Table 1 ). Our results showed that the number of annotated genomospecies ranged from 8 to 14, depending on the classification tools used ( Fig. 1) . ANI with the BLAST nucleotide alignment method (ANIb) from JSpeciesWS indicated that these genomes represented 14 unique genomospecies ( Fig. 1A here and see Table 5 in the online Data Supplement). In comparison, classification by tetranucleotide frequency from JSpeciesWS found that the 14 genomes are 9 genomospecies ( Fig. 1B here and Table 5 in the online Data Supplement). Tetranucleotide frequency-based classification found that the type strains G. leopoldii UGENT 06.41 (T) and G. swidsinkii GS 9838 -1 (T) may be the same genomospecies. A separate ANI classifier (ANI calculator from the Kostas lab) indicated that the 14 genomes instead represented 12 genomospecies, and again that the type strains G. leopoldii UGENT 06.41 (T) and G. swidsinkii GS 9838 -1 (T) may be the same genomospecies ( Fig. 1C here and Table 6 in the online Data Supplement). Finally, an AAI classifier (AAI calculator from the Kostas lab) produced the most conservative estimate of the number of genomospecies, identifying 8 genomospecies from the 14 genomes ( Fig. 1D here and Table 6 in the online Data Supplement). The AAI classifications were concordant with the JSpeciesWS tetranucleotide frequency-based classifications in that G. vaginalis ATCC 14018 (T)/JCP8108, G. piotii UGENT 18.01 (T)/JCP8017A, and UMB1686/6119V5/1500E were the same genomospecies, respectively. The AAI calculator was the only tool that considered GED7760B the same genomospecies as G. piotii UGENT 18.01 (T)/JCP8017A. We adopted a conservative consensus approach for genomospecies classification for the remainder of our analysis. Specifically, if Ն2 of the aforementioned tools indicated that the genomes represent the same genomospecies, then we counted them as the same. This method had exact concordance with the tetranucleotide frequency tool classification and yielded 9 Gardnerella genomospecies (GS01-GS09) ( Table 1 ). All comparative analyses and biological conclusions hereafter are based on these 9 genomospecies.
CORE GENOME ALIGNMENT SUPPORT RELATEDNESS OF THE
GENOMOSPECIES INTO 8 CLADES
To gain further insight into the taxonomic structure of the Gardnerella genus, we determined the 200 core genes (the loci present in 100% of strains) at 70% nucleotide identity with the pan-genome tool Roary and aligned these genes with PRANK to create a core gene alignment (see Table 7 in the online Data Supplement). We used FastTree to construct an approximate maximum likelihood tree from the core genome alignment, which depicted the evolutionary relationship between all genomes analyzed and provided a confidence value for every branch point ( Fig. 2A ). The tree had 100% bootstrap support values at the major branch points, indicating a high degree of confidence on the relatedness of the Gardnerella genomospecies to one another. Midpoint rooting of the tree in iTOL depicted a major spit within the genus between GS01/GS02/GS06 and GS03/GS04/GS05/ GS07/GS08/GS09. Lineage identification using Fast-Gear/BAPS on the core genome alignment identified 8 major lineages that had almost exact concordance with the consensus delineation into genomospecies, except that GS02 and the single genome GED7760B (GS06) were determined to be in the same lineage ( Fig. 2A ). FastGear initially assigns clusters with the BAPS software and then uses an additional allele comparison to produce more refined groups. The single genomes/genomospecies KA00225 (GS08) and NR010 (GS09) were counted as their own lineages, indicating that the allele frequencies between GS06 and GS02 may be similar enough compared with the background comparisons that they are linked into the same lineage.
As a second method to view the relatedness of the genomospecies, we visualized the core genome alignment file as a nearest neighbor network in SplitsTrees (Fig. a The number corresponds to the depiction in Fig. 1 . Cases where an analysis indicates that 2 or 3 strains are the same species are denoted with an equal sign. The conservative consensus approach was performed by concatenating strains into genomospecies if ≥2 programs agreed. 2B). The clustering pattern of the isolates was visually concordant with the maximum likelihood tree. Importantly, the isolates from GS07 and GS08 deviated away from the center of the network, providing additional evidence on their separation from the group containing GS03, GS04, GS05, and GS09 (Fig. 2B ).
GARDNERELLA GENOMOSPECIES HAVE DISTINCT ACCESSORY
GENE REPERTOIRES
To understand the differential burden of accessory genes that may contribute to niche adaptation within the vaginal microenvironment and/or to BV pathology, we performed a principal component analysis on the presence/absence matrix of noncore genes identified by Roary (see Table 8 in the online Data Supplement). PER-MANOVA using adonis2 from the vegan package in RStudio indicated that genomospecies and accessory ge-nome composition were significantly (P Ͻ 0.00001) linked. Superposition of the genomospecies classification onto the principal component analysis plot demonstrated that the accessory gene content for GS04, GS05, and GS09 was remarkably similar but that there were large differences between the other genomospecies (Fig.  3A) . In particular, the 3 major genomospecies-GS01, GS02, and GS03-were situated in the periphery of the plot, demonstrating disparities between the gene repertoire within these genomospecies (Fig. 3A) . To gain insight into which genes may be driving this clustering pattern, we queried the pan-genome using the pan-genome association tool, Scoary, for genes that were differentially enriched within GS01, GS02, and GS03 ( Fig. 3B here and see Table 8 in the online Data Supplement). For genes with putative function as sialidases, glycoside hydrolases, carbohydrate ATP-binding import , Presence/absence matrix for accessory genes with putative sialidase, glycoside hydrolase, carbohydrate ATPbinding, and allantoin utilization roles adjacent to the phylogenetic tree from Fig. 2A (distances not to scale) with genomospecies identity. Each filled square represents the presence of a given gene, and a blank square represents the absence of that gene. Squares are colored based off predicted function. (C), Total counts for the number of genes identified with suspected function as sialidases, glycoside hydrolases/ carbohydrate ATP-binding, and allantoin utilization abilities. Paired Student t-test results are shown for all significantly different gene burdens between GS01, GS02, GS03, and GS04 -09. protein, and allantoin metabolism, we viewed the presence/absence of the clusters in iTOL and quantified the gene burden in Prism. Interestingly, we found that genes annotated as sialidases were significantly (P Ͻ 0.0001) enriched in GS02 over GS01 and GS04 through GS09 (Fig. 3C) . These genes were completely absent from GS03 genomes. Similarly, genes annotated as glycoside hydrolases and carbohydrate ATP-binding import proteins were significantly (P Ͻ 0.0001) enriched in GS01 (Fig. 3C) . Lastly, we found that genes involved in the uptake and usage of allantoin were enriched (P Ͻ 0.0001) in GS03, absent in GS01 and GS02, and sparsely present in the other genomospecies (Fig. 3C ). To understand overall differences in metabolic potential between the genomospecies, we submitted the pan-genome reference FASTA to EggNOG for COG annotation and quantified the number of COGs present in each genomospecies (see Table 9 in the online Data Supplement). The results were remarkably similar across all COGs except a notable increase in genes related to "carbohydrate transport and metabolism" in GS01 (see Fig. 2A in the online Data Supplement). Similarly, GS01 had a significantly (P Ͻ 0.0001) higher amount of carbohydrate utilization genes annotated by the CAZy database compared with the other genomospecies (see Fig. 2B in the online Data Supplement). In summary, we found that the different Gardnerella genomospecies could largely be distinguished by the presence/absence of their accessory genes and that accessory genes with specific functions were enriched or absent in certain genomospecies. These results indicated that different Gardnerella genomospecies had distinct gene repertories, which may lead to niche separation within the vaginal environment.
TAXONOMIC SIGNATURES OF NOVEL GENOMOSPECIES
DURING BV
Metatranscriptomes are the genes that are expressed by a community of bacteria in any given environment. Given our improved resolution of Gardnerella into 9 genomospecies, we wanted to investigate whether any of the newly elucidated genomospecies could be identified in the metatranscriptomes of BV samples. To accomplish this, we used the short-read classifier Centrifuge on metatranscriptome sequencing reads from BV samples of women before and after receipt of metronidazole therapy (26, 27 ) .
We used Centrifuge to identify the percentage of Gardnerella reads that uniquely map to just 1 of the genomospecies within BV metatranscriptome samples for all of the genomospecies (see Table 2 in the online Data Supplement) (26, 27 ) . Metatranscriptome reads mapping uniquely to only a single genomospecies were identified for all genomospecies, but GS04, GS06, GS08, and GS09 had a mean presence of 1.74%, 1.0%, 0.49%, and 0.41% across all samples (see Table 2 in the online Data Supplement). As our classification scheme was designed specifically to focus only on the Gardnerella genomospecies, in 3 of 20 samples, the largest value of unique reads was unmapped. We found 08_003_a had the largest number of Gardnerella-specific unique reads, with only 15.01% unmapped (see Table 2 in the online Data Supplement). Hierarchical clustering of the genomospecies percent values showed that clustering was primarily driven by taxonomic signatures, rather than treatment outcomes to metronidazole therapy (Fig. 4A) . Visual interpretation of the heatmap showed 4 primary clusters of similar taxonomic profiles.
The first cluster containing only 08_003_a is largely dominated by a single genomospecies, as 90.56% of the Gardnerella-specific reads uniquely map to GS07 (Fig.  4B) . The second cluster contains 06_006_a, 06_006_b, and 06_001_a, and is notable for their abundance of GS05 because it composes 91.79%, 84.20%, and 83.89%, respectively, of the Gardnerella-specific reads in these samples (Fig. 4B) . The third cluster contains 17_004_b, 08_006_a, and 05_012_a, and has high levels of GS02 metatranscriptome unique reads at 79.95%, 70.93%, and 46.29%, respectively (Fig. 4B) . The fourth cluster containing 13 of 20 of the samples is notable for having the highest mean percent of GS01 (30.51%) and GS03 (46.18%) (see Table 2 in the online Data Supplement). Unique reads for GS04 had the greatest prevalence within this cluster, as sample 13_019_a contains 29.15% of GS04 unique reads (Fig. 4B) . These results indicate that the newly elucidated Gardnerella genomospecies can be identified as major contributors to Gardnerella-specific metatranscriptome reads during BV.
EXPRESSION OF TRANSLATION MACHINERY AND PUTATIVE VIRULENCE FACTORS BY GARDNERELLA DURING BV
Because metatranscriptomes provide a snapshot of the genes that are being transcribed, we finally wanted to investigate conserved features of Gardnerella gene expression during BV. To accomplish this, we used PanPhlAn to quantify gene coverage values for every gene in the pan-genome matrix created by Roary and the EggNOG COG annotation to identify enriched functions within highly expressed genes (1 SD above mean coverage levels across all samples) (see Table 9 in the online Data Supplement). Of these 224 highly expressed genes, 194 had a COG annotation. Sixteen of 26 COGs were identified in these 194 genes (Fig. 5A ). Seven of 16 of these COGs had enrichment indices Ͼ1, indicating that they were disproportionally found among the highly expressed genes. The propagation and maintenance of proteins was found to be especially important, as COGs for transcription (K), translation (J), and protein turnover (O) were all enriched within the highly expressed genes (Fig. 5A) . The other evident pattern was that COGs for carbohydrate transport/metabolism (G) and energy production/conversion (C) were also enriched.
Analysis of individual genes among the highly expressed group identified several candidates involved in BV pathogenesis, including the known vaginolysin toxin gene (ply) 7 (Fig. 5B) (31 ) . Arguably the best studied pathogen in the Actinobacteria is Mycobacterium tuberculosis, and although M. tuberculosis and G. vaginalis exist in different human-associated environments, several of the highly expressed genes in BV transcriptomes are known virulence factors in the actinobacterial pathogen M. tuberculosis, suggesting a conserved importance in G. vaginalis (Fig. 5B) (32) (33) (34) (35) . These include the transcriptional regulator carD, the trehalose import protein sugC, the glycan-branching enzyme glgB, and the oxidative stress response gene ahpC. cycB, a gene involved in maltose binding, was also found to be highly expressed, consistent with the importance of carbohydrate metabolism in the COG enrichment analysis (36 ) . Additionally, we found that the lantibiotic lacticin gene, lctA, was not strongly conserved in the Gardnerella pan-genome but was expressed at a high level (37 ) . These data identify several genetic loci that may be a conserved feature of Gardnerella pathogenesis in BV.
Discussion
In microbial taxonomy, phylogenomic methods are being used with increasing frequency to specifically and accurately delineate new bacterial species from several previously known genera, including commensal and pathogenic members of Klebsiella and Propionibacterium (22, 38 ) . These delineations can have important implications in understanding the biology and clinical significance of these closely related organisms, and their potential differential contributions to health and disease in various hosts. For instance, although previously believed to be a benign environmental species, Klebsiella variicola strains can cause higher bladder infection titers in a mouse model of urinary tract infections compared with the canonical pathogen Klebsiella pneumoniae (39 ) . Similarly, presence of gene clusters encoding ABC transporters and phosphotransferase systems were differentially present within different genera of cutaneous propionibacteria, which may enable adaptation of Cutibacterium, Pseudopropionibacterium, and Acidipropionibacterium to different skin niches (38 ) . Our goal was to use initial binning of Gardnerella genomes into genomospecies using a variety of available tools and then explore differences in phylogeny, gene content, and metatranscriptome presence to provide insights into the biology of Gardnerella during BV.
Several previous reports have used whole-genome sequencing to compare pathogenic and commensal Gardnerella strains but did not systematically use taxonomic tools to define clear genomospecies (5, 40 -42 ) . An early analysis between strains 409 -05 (GS03), ATCC 14018 (GS01), and ATCC 14019 (GS01) found that 409 -05 lacked mucin-degrading sialidases (40 ) . Our analysis corroborates this finding, as we did not identify any sialidases in GS03 genomes. A broader analysis of the core genome similarity between 17 strains found that they could be classified into 4 separate clades (42 ) . By applying taxonomic methods to compare 103 publicly available genomes annotated as G. vaginalis, we found exact concordance between these initial clades and our genomospecies, as Group 1 corresponds to GS01, Group 2 corresponds to GS02, Group 3 corresponds to GS05, and Group 4 corresponds to GS03 (42 ) . The differentiation of G. vaginalis into 4 clades had been recapitulated by alignment of just the cpn60 locus (5 ) . Again, we found complete concordance between these earlier delineations and our genomospecies as the subgroup A isolates corresponding to GS03, subgroup B were GS02, subgroup C were GS01, and subgroup D were GS05. Importantly, this latter study used pairwise ANI analysis to determine that ANI values Յ95% were found between the cpn60 group designations, suggesting that they constituted separate genomospecies (5 ) . One report on comparative analysis of 37 Gardnerella isolates identified 6 clades based off of conserved gene similarity and distinct gene presence (43 ) . This study, however, indicated that JCP8481A/JCP8481B (GS04) and 6119V4/00703Dmash (GS05) were both in clade 3A (43 ) . Conversely, they suggested that JCP775/ATCC 14019 and 00703C2mash/JCP8070, GS01 and GS02, respectively, were in separate clades (43 ) .
Recently, 1 analysis of 81 Gardnerella strains found that they represented 13 genomospecies, 3 of which were elucidated to be the new species G. piotii, G. leopoldii, and G. swidsinkii, using a combination of in silico tools and phenotypic assays (6 ) . This report did not include NR010, which was consistently annotated as a separate genomospecies in the 4 taxonomic tools that we used, making the current maximum number of Gardnerella genomospecies as 14. However, we show that for the type strains within G. vaginalis, G. piotii, G. leopoldii, G. swidsinkii, and representatives of the other 10 genomospecies, conflicting taxonomic information can arise from ANI vs tetranucleotide frequency vs AAI tool use (9, 29, 30 ) . The greatest discrepancies were between the JSpeciesWS ANIb method (14 species) and the Kostas laboratory AAI tool (8 genomospecies) . For the purposes of our study, we took the conservative consensus for the number of genomospecies across the 4 tools, which had exact concordance with the tetranucleotide frequency analysis in JSpeciesWS. Strikingly, in 3 of 4 of the tools tested, the type strains G. leopoldii UGENT 06.41 (T) and G. swidsinkii GS 9838 -1 (T) were annotated as being the same genomospecies, conflicting the phenotypic results (6 ) . It is possible that these 2 strains may represent different subspecies of the same Gardnerella species. The approximate maximum likelihood tree and nearest neighbor network both showed that the genomospecies can be readily distinguished by the similarity of their 200 core genes. Similarly, the genomospecies had vastly different repertories of accessory genomes, except the group that contained GS05, GS04, and GS09. These differences may be important for adaptation to the vaginal microenvironment or BV pathology because some of the genes driving this difference include those known for virulence (e.g., sialidases) (44, 45 ) .
Given that GS07 and GS04 through GS09 were unknown in these prior genomic studies and that there was occasionally ambiguity between previous group determinations, we used metatranscriptome sequencing reads from BV samples from women before and after metronidazole, to determine whether the Gardnerella genomospecies could be implicated in BV pathogenesis (12 ) . Similar to the original study, our results did not find any association between the presence of specific Gardnerella genomospecies and resistance to metronidazole, even with the improved taxonomic classification (12 ) . However, we detected unique transcripts to all genomospecies in every sample. When we combined the taxonomic information to identify conserved features of Gardnerella pathogenesis in BV, we found enrichment for COGs involved in carbohydrate transport and conversion into energy as well as propagation of protein machinery. Importantly, the known virulence factor ply and several genes implicated in the pathogenesis of the Actinobacteria M. tuberculosis were some of the genes with the highest coverage values.
The major limitation of this investigation is that as a retrospective genomic analysis, we do not have immediate access to the isolates for species characterization. Comprehensive analysis of differences in membrane lipids and biochemical utilizations would be necessary to correctly classify these 9 genomospecies into species, with proper Latin nomenclature (6 ) . Another limitation relates to the fact that our analysis includes metatranscriptome reads rather than metagenomic reads; thus, we are unable to accurately quantify absolute abundance of the different genomospecies within the BV samples because it is possible that a genomospecies could compose a smaller overall fraction but express a large number of genes.
In summary, we performed a taxonomic investigation of Ͼ100 Gardnerella genomes. Our consensus anal-ysis using several different tools found that Gardnerella was composed of 9 different genomospecies that could be readily distinguished from one another by the similarity of their core genes and by the presence/absence of their accessory genes. Although there was a high level of similarity in overall COG presence, certain features were enriched within specific genomospecies, supporting differentiation into specific niches within the vaginal microenvironment and possibly alternative mechanisms for BV pathology. We found evidence of the presence of these genomospecies in publicly available BV metatranscriptome reads and determined that translation machinery and putative virulence factors constitute a conserved Gardnerella transcriptome during BV. This work may enable future epidemiological investigations on the presence of the different genomospecies during health and disease states, mechanistic insight into their individual or combined roles in causing BV, and development of precision treatments tailored for specific genomospecies.
